INTRODUCTION
On the basis of nutritional value and toxicity, three broad categories of metals have been distinguished: metals that function as cofactors in numerous and abundant enzymes and are not toxic except at extremely high concentrations; metals that have no known metabolic function and are highly toxic; and metals that are essential for life but toxic at higher concentrations. Each of the three classes of metals presents a different biological problem with its own distinctive solution. The third situation, exemplified by copper and iron, is one of the more interesting to consider from the perspective of regulation, because the organism has to maintain metalloprotein levels and a relatively constant intracellular utilization pool, despite variation in the supply of metal nutrient and the potential for toxicity (reviewed by Thiele, 1992; . In eukaryotic organisms, the research emphasis thus far has been on regulation of uptake and chelation. Examples of these studies include the metallothionein genes of plants, animals, and yeasts whose transcription is activated in response to high concentration of metals (Durnam and Palmiter, 1981; Butt et al., 1984; Mehra et al., 1988; Andrews, 1990; Thiele, 1992; Robinson et al., 1993; Zhou and Goldsbrough, 1994) , the copper and iron
To whom correspondence should be addressed. uptake pathways in yeast that are induced in response to copper and iron deficiency (Dancis et al., 1992 (Dancis et al., , 1994 Eide et al., 1992; Jungmann et al., 1993; Askwith et al., 1994 ; reviewed by Kosman, 1994) , and the reciprocal, post-transcriptional regulation of ferritin and transferrin receptor synthesis in animal cells in response to changes in iron availability (reviewed by Theil, 1990; .
In addition to understanding how organisms adapt their metal ion uptake and chelation mechanisms in response to changes in metal availability, we must also understand how they respond with respect to the synthesis of the enzymes and electron transfer catalysts that require these metals to function. This problem, although applicable to plants and animals, is most commonly studied with microorganisms as experimental systems, because metal ion availability can generally be controlled simply by culturing the experimental organism in well-defined, metalsupplemented or metal-deficient media. One strategy for adaptation to a specific metal ion deficiency involves synthesizing an alternate protein that can fulfill the same function but does not require the same metal ion as the usual enzyme or electron transfer catalyst. For instance, in some nitrogen-fixing bacteria, alternate (molybdenum-, vanadium-, or ironcontaining) forms of component I of dinitrogenase are synthesized in response to changes in the availability of molybdenum or vanadium (Bishop et al., 1980 ; reviewed by Pau, 1989) , and some cyanobacteria can synthesize iron-free flavodoxins to substitute functionally for iron-containing ferredoxins under iron-deficient conditions (Laudenbach et al., 1988; Sandmann et al., 1990; Bovy et al., 1993) . A third and perhaps best studied example of this typeof response is the reciprocal regulation of plastocyanin and cytochrome c6 (cyt c6) in response to changes in copper availability (reviewed by Merchant, 1996) . In photosynthetic organisms, copper deficiency results in a decrease in the abundance of the blue copper protein plastocyanin that transfers electrons from the cytochrome b6f complex to photosystem I. The plastocyanin deficiency in turn decreases photosynthetic function. However, certain green algae and cyanobacteria can circumvent this deficiency and remain photosynthetically competent by inducing the synthesis of a heme-containing cyt cg that can substitute functionally for plastocyanin (Bohner and Boger, 1978; Wood, 1978; Sandmann et al., 1983; Ho and Krogmann, 1984; Merchant and Bogorad, 1986b; Briggs et al., 1990; Bovy et al., 1992; Nakamura et al., 1992; Zhang et al., 1992; Ghassemian et al., 1994) .
The copper-responsive regulation of cyt c6 synthesis has been studied most intensively with the unicellular green alga Chlamydomonas reinhardtii as an experimental model. This organism regulates plastocyanin and cyt c6 synthesis in a reciprocal manner in response to copper ion concentration, but the mechanism of regulation of each is quite different. Plastocyanin synthesis is regulated by differential accumulation of the holoprotein. The plastocyanin-encoding gene (PetE) is constitutively transcribed, the mRNA is translated regardless of copper availability, and the protein product is processed and imported into chloroplasts; however, when copper is not available for formation of the holoprotein in the lumen, the newly synthesized polypeptide is rapidly degraded (Merchant and Bogorad, 1986a) . In contrast, cyt c6 synthesis is regulated by transcriptional control Merchant et al., 1991) . The mRNA encoding cyt cg accumulates only when the concentration of copper ions drops below the level required to maintain plastocyanin biosynthesis . Supplementing copper-deficient cells with nanomolar concentrations of copper ions (corresponding to as few as 8 x 106 copper ions per cell) results in rapid and complete repression of cyt cg synthesis. Within 3 to 4 hr after copper supplementation, Cyc6 transcripts decrease from a level of severa1 hundred per cell to essentially none . This response is highly specific for copper as the metalloregulator: a 20-fold higher concentration of mercuric ions is required to observe the same level of repression, whereas silver ions even at 20-fold higher concentrations are ineffective Merchant et al., 1991) . In this work, we identified copper-responsive sequences associated with the cyt c6 gene (Cyc6) and demonstrated that these sequences are sufficient to confer copper-responsive expression to a reporter gene with the sensitivity and selectivity displayed by the endogenous Cyc6 gene.
RESULTS

Copper-Responsive Elements Associated with the CycS Gene Lie Upstream of the Start Site of Transcription
An -5-kb Sstl fragment containing the genomic sequence encoding cyt c6 was analyzed for the presence of copper-responsive sequences. This fragment contains the entire transcribed sequence of the Cyc6 gene (+1 to +1278, consisting of three exons and two introns) in addition to 852 bp of sequence upstream of the transcription start site and -3.1 kb of 3' untranscribed sequences.
To localize copper response elements, the 5-kb Sstl fragment was tested in two parts for its ability to confer copper-dependent expression on other sequences. An 845-bp fragment containing 5' untranscribed sequences (-852 to -7) from construct 1 (pCU0) was fused to a promoterless reporter gene (Ars2 encoding arylsulfatase, pJD54, construct 2) to generate test construct 3 (pCU1) (Figure 1 ). pCU1 was introduced into Chlamydomonas by cotransformation of strain CC425 (cw15 arg2) with pArg7.8. Arg+ transformants were screened for the presence of the cotransforming DNA by either DNA gel blot hybridization or by amplification of a construct-specific fragment. Strains containing the test construct were analyzed for copper-responsive expression of Cyc6 and the reporter genes by examining RNA and protein abundance. Indeed, the 845-bp fragment was found to be sufficient for copper-responsive expression of the promoterless Ars2 gene. Ars mRNA and arylsulfatase activity were detected only in copper-deficient strains containing construct pCUl ( Figures  2A and 28) . The host strain, CC425, does not normally synthesize arylsulfatase; the enzyme accumulates only under conditions of sulfate deficiency (de Hostos et al., 1989) . A translational fusion of nucleotides -852 to +80 from the Cyc6 gene to the ATG codon of the reporter gene exhibited the same expression properties as construct 1 (data not shown, but see legend to Figure 3) . Thus, we concluded that the region from -852 to -7 in the Cyc6 gene is sufficient for its copperresponsive expression in vivo.
In a reciprocal experiment, the coding region of the Cyc6 gene and its 3' flanking sequences was ligated to genomic DNA fragments derived from the PetE or AtpC genes (encoding plastocyanin and the y-subunit of chloroplast ATP synthase, respectively) to generate precise ATG fusions between these copper-insensitive promoters and the Cyc6 coding and 3' untranscribed regions (constructs 4 and 5, pPC-CYT and py-CYT, respectively). The test constructs were introduced into Chlamydomonas by cotransformation and tested'for their ability to drive the accumulation of cyt c6 and Cyc6 transcripts by heme staining analysis of soluble extracts of cells and by gel blot analysis of total RNA ( Figures 2D and 2C , respectively). Constructs pPC-CYT and pyCYT both drove copper-independent synthesis and accumulation of cyt cg and its mRNA. Thus, if To localize further the copper-responsive elements (CuREs) within the 5' upstream region, a series of 5' nested deletions of the 845-bp fragment (from -852 toward -7) was fused to the promoterless reporter gene (pJD54). Each resulting construct was introduced into strain CC425 and tested for copper-dependent synthesis of arylsulfatase. Arginine prototrophs were screened initially for the presence of the test Cyc6-Ars2 deletion construct with the use of the 5-bromo-4-chloro-3-indolyl sulfate (XS04) colony assay ( Figure 3 , column on far right). Colonies that screened positive using this assay were rescreened by DNA gel blot hybridization analysis to verify that they indeed contained at least one copy of an intact deletion construct; they were subsequently tested for copperresponsive expression of the reporter gene with the XS04 assay on solid medium or for the accumulation of the Ars message by FINA gel blot hybridization analysis (data not shown). Constructs with deletions up to position -127 permitted copper-responsive expression of the reporter gene ( Figure  3 , constructs a to 9); however, additional deletions up to positions -54 and -44 relative to the transcription start site resulted in a loss of Ars expression in nearly all arginine prototrophs tested (total of 256 analyzed). This suggests that CuREs lie between positions -127 and -54 relative to the transcription start site of Cyc6. This region (-127 to -7) was further subdivided (constructs k and I in Figure 3 , containing Kpnl fragments from -110 to -56 and -127 to -109) and analyzed for Ars expression. Transformam containing either construct exhibited copper-responsive arylsulfatase activity, suggesting that each fragment contains at least one CURE (Figure 3 , construct k or I).
A single arginine prototroph containing construct h exhibited low-leve1 arylsulfatase activity in both copper-supplemented and copper-deficient media. We attributed this result to a chance integration near another promoter element in the genome because it occurred ata low frequency (only once for 128 transformants tested) (Figure 3 , construct h compared to constructs a to 9). This interpretation is supported by additional experiments in which the sequences between -55 and -7 were tested in the context of the 0-tubulin promoter and found to be ineffective (see following discussion). In control experiments, arginine prototrophs containing a promoterless reporter gene (pJD54, construct 2, Figure 1 ) did not exhibit arylsulfatase -.
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_. _. A series of 5' nested deletions of the -852 to -7 Cyc6 promoter fragment was fused to the promoterless Ars-encoding construct 2 ( Figure 1 ) and introduced into strain CC425 by cotransformation with pArg7.8. Arginine prototrophs were analyzed for copper-dependent arylsulfatase accumulation with the XSO, colony assay. The presence of at least one intact copy of the transgene in each Ars-expresser was verified by DNA gel blot analysis of digested,total DNA. The fraction of Ars-expressing colonies among the arginine prototrophs analyzed for each construct is indicated at far right (expressers/prototrophs). -Cu and +Cu indicate growth on copper-deficient and copper-supplemented media; (+) and (-) indicate exhibiting or not exhibiting arylsulfatase activity. Constructs k and I are derived from construct g by the removal of either the -127 to -111 fragment (construct k) or the -108 to -56 fragment (construct I). In addition to construct a (*; -852 to -7 Cyc6-ArsP), we tested two other constructs: one (-852 to +80 Cyc6-ATG-Ars2) contains 5'sequences of Cyc6 fused at the ATG codon to the coding sequence of the reporter gene, and the other (-852 to -7 Cyc6-p-tub-Ars2) contains the 5' -852 to -7 fragment from the Cyc6 gene fused to the 5' end of a minimal 8-tubulin promoter-driven reporter gene in plasmid pJDlOO (see Figure 4 ). These constructs were introduced into strain CC425 in cotransformation experiments and analyzed for their copper-responsive expression in vivo. For the Cyc6-ATG-Ars2 construct, 15 of 192 arginine prototrophs expressed the Ars2 gene; for the -852 to -7 Cyc6-p-tub-Ars2 construct, 18 of 82 arginine prototrophs expressed the Ars2 gene. In each case, arylsulfatase activity was expressed only in cells grown on copper-deficient medium. For the Cyc6-ATG-Ars2 construct (average of three independent cotransformants), the rate of p-nitrophenyl sulfate hydrolyzed (nanomoles per minute per 106 cells) was O for cells grown in copper-supplemented medium and ranged from 0.04 to 1.3 for the same strains grown in copper-deficient medium. For the -852 to -7 Cyc6-ptub-Ars2 construct (average of eight independent cotransformants analyzed), the activity in cells grown in copper-supplemented medium ranged from 0.008 to 0.05 versus 0.08 to 1.8 in copper-deficient medium. K, Kpnl.
A pjmoo activity in either copper-supplemented or copper-deficient medium ( Figure 3 , construct j), as was expected (Davies and Grossman, 1994) . (A) Schematic diagram of constructs. Construct 6 is the promoterless Ars2 construct with a minimal promoter element derived from the p 2 -tubulin gene (pJD100). The minimal promoter element confers lowlevel, constitutive expression on the Ars2 gene (see also Table 1 ). Construct 7 is the -127 to -7 fragment of the Cyc6 promoter and was cloned into the unique Kpnl restriction site of construct 6 to generate -127 to -7 Cyc6-p-tub-Ars2 (pCU2) K, Kpnl.
(B) RNA gel blot analysis of total RNA isolated from coppersupplemented (+) or copper-deficient (-) cultures of representative Arg* strains containing cointroduced constructs pJD100 and pCU2. The Ars transcripts were detected using a radiolabeled (~2 x 10 8 cpm/ng) 1.1-kb BamHI fragment of the Ars1 cDNA as a probe (indicated at left). Six micrograms of total RNA was loaded per lane.
The -127 to -7 Fragment from the Promoter of the Cyc6 Gene Functions To Activate Transcription in Copper-Deficient Cells
The deletion analyses described previously localized the CuREs between positions -127 and -7 relative to the transcription start site ( Figure 3 ). To test whether these elements functioned as activators of transcription in copper-deficient cells, as repressers in copper-supplemented cells, or both, the CuRE-containing sequences from the Cyc6 gene (-127 to -7 fragment) were cloned into pJD100 ( Figure 4A , construct 6) to generate pCU2 ( Figure 4A , construct 7). The parent plasmid pJD100 encodes the Ars2 reporter gene driven by a minimal promoter element derived from the Chlamydomonas (5 2 -tubulin gene. When introduced into Chlamydomonas, pJD100 drives low-level expression of Ars in both coppersupplemented and copper-deficient media (Figures 4B and 4C) . Expression of the test construct, pCU2, was assessed in copper-supplemented versus copper-deficient media relative to the level of expression of pJD100 by both RNA gel blot hybridization analysis ( Figure 4B ) and enzymatic assay of arylsulfatase activity ( Figure 4C ). If the CuREs functioned as activators, we would expect pCU2-driven Ars expression to increase in copper-deficient cells but remain unchanged from the pJDIOO-driven level in copper-supplemented cells. However, if the CuREs functioned as repressers, we would expect that the pCU2-driven level of Ars expression would be suppressed in copper-supplemented medium relative to the pJDIOO-driven level of expression and would be unchanged relative to the pJDIOO-driven level in copper-deficient medium. The data show that in copper-supplemented medium, there was no significant difference in the level of Ars mRNA from a representative transformant containing the pCU2 transgene compared to one containing the pJD100 construct; this suggests that the CuREs do not function to repress transcription in copper-supplemented cells. However, a significant (C) Arylsulfatase activity in copper-supplemented (+) or copper-deficient (-) cultures of strains containing various constructs. Each point represents a value for an independently generated transformant. A total of seven individual pJD100 transformants and four pCU2 transformants was analyzed. The reported values represent the average of two measurements of the rate of p-nitrophenol production over the linear range of the assay. An extinction coefficient derived from a standard curve of p-nitrophenol in 0.2 M NaOH was used to convert the absorbance readings (at 410 nm) to nanomoles of product. None detected.
increase in Ars expression was noted in copper-deficient cells containing the pCU2 construct versus copper-deficient cells containing pJDlOO ( Figure 48 ). This suggests that the CuREs lying between positions -127 and -7 function to activate transcription. in copper-deficient cells.
To support further this conclusion, severa1 representative strains carrying each transgene were analyzed (seven strains for pJDlOO and four strains for pCU2) by quantitative enzyme assays ( Figure 4C and Table 1 ) to assess the level of arylsulfatase activity in copper-supplemented versus copper-deficient cells. For pJD100-containing transformants, arylsulfatase activity ranged from 0.01 to 0.08 and averaged 0.04 nmol of p-nitrophenol produced per minute per 106 cells. The activity in pCU2-containing cells was not different in coppersupplemented medium (averaging 0.05 nmol of p-nitrophenol produced per minute per 106 cells and ranging from 0.04 to 0.1) but was greatly increased in copper-deficient medium (averaging 0.34 nmol of p-nitrophenol produced per minute per 106 cells). The extent of activation of Ars expression in individual transformants ranged from approximately threefold to 12-fold and averaged approximately sevenfold (Table 1 ).
The Two CuREs in the -127 to -7 Fragment Function as Activators of Transcription To verify that the Cyc6 promoter fragments from positions -127 to -109 and -110 to -56 each contained a CuRE and to determine whether each fragment functioned as a transcriptional activator in copper-deficient cells, the 120-bp fragment was subdivided into three pieces, shown schematically in Figure  5A , and analyzed as described in the following discussion. Kpnl fragments containing the regions from -55 to -7, -127 to -109 (in either orientation), or -110 to -56 were religated either individually or in combination into Kpnl-digested pJDlOO to generate constructs 8 through 11 and 14 ( Figure 5A ). Each construct was introduced in cotransformation experiments into Strain CC425 and tested for its ability to activate expression of the reporter gene in copper-deficient medium. Construct pCU3, containing the -55 to -7 fragment, showed no difference in Ars mRNA levels or arylsulfatase activity in coppersupplemented versus copper-deficient medium (Figures 58  and 5C and Table 1 ,0.05 and 0.06 nmolp-nitrophenol produced per minute per 106 cells, respectively). Furthermore, the levels (ranging between 0.02 to 0.09 nmol p-nitrophenol produced per minute per 106 cells) were not different from the basal level expression of Ars from the pJD100 construct (Table 1) . For the remaining constructs, pCU4 (-127 to -56), pCU5 (-109 to -127), pCU8(-127to -109), and pCU6(-llO to -56), each showed greatly increased Ars mRNA accumulation ( Figure 58 ) and arylsulfatase activity ( Figure 5C , Table 1 ) in copper-deficient medium. Thus, we concluded that there are at least two CuREs, one each within fragments -127 to -109 and -110 to -56, and that the region between -55 and -7 is dispensable for copper-responsive expression. In addition, each CuRE functions to activate transcription in copper-deficient cells, and at least the -127 to -109 CURE-containing fragment can function in either orientation.
The construct pCU4, which includes both CURE-containing regions (-127 to -56), exhibited a similar range of copperresponsive expression when compared to constructs pCU5, pCU6, and pCU8, which lack one of the two CURE-containing regions (Table 1) . Thus, we concluded that pCU5 (or pCU8) and pCU6 contain functionally redundant CuREs. Reporter gene expression in copper-supplemented cells from constructs pCU5, pCU8, and pCU6 was similar to that from pJD100 ( Figures 58 and 5C and Table 1 ). However, in coppersupplemented cells containing construct pCU4 (-127 to -56) , no arylsulfatase activity was detected during the time course of the assay (Table 1) . Although this might, at first glance, suggest the presence of a repressor element that functions in copper-supplemented conditions, analysis of pCU2, which includes the sequences in pCU4, argues against this suggestion. The reason for the complete lack of arylsulfatase activity in Parts of the 120-bp fragment were tested for their ability to confer copperdependent expression on the 3-tub-Ars2 reporter gene, pJDIOO.
(A) Constructs 8 to 11 and 14 (pCU3 to pCU6 and pCUS): Kpnl fragments of the -127 to -7 region each cloned into the Kpnl site of pJDIOO (construct 6, Figure 4 ).
copper-supplemented cells containing pCU4 is not known; one possibility is that we fortuitously created a sequence or spacing in pCU4 during its construction that interferes with basal expression from the (5-tubulin promoter. The minimal (32-tubulin promoter fragment in the Cyc6-ptub-Ars2 (pCU2, pCU4, pCUS, pCU6, and pCUS) constructs includes the putative TATA box and the transcription start site of the endogenous pytubulin gene (Davies et al., 1992) . To determine if this same transcription start site is utilized in the Cyc6-pJD100 transformants, poly(A) + RNA from a representative pCU4-containing transformant was analyzed by primer extension (Figure 6 ). The longest extension product places the 5' border at the same position determined for pVtubulin transcripts from the endogenous gene (Brunke et al., 1984) .
The aforementioned deletion analyses definitively demonstrated the presence of two CuREs in the region between nucleotides -127 and -56 relative to the Cyc6 transcription start site. Nevertheless, these experiments did not rule out the existence of additional CuREs upstream of this region. These additional (perhaps functionally redundant) distal elements may be masked by the presence of the proximal CuREs. To uncover distal CuREs, the 5'flanking sequence was tested for its ability to confer copper responsiveness to the reporter gene in pJDIOO after deletion of the proximal CuREs. The region from -852 to -124 was ligated to the flushed Kpnl site in pJDIOO. Transformants containing the construct pCU7 (shown schematically in Figure 7A , construct 12) were analyzed for copperdependent arylsulfatase production with the p-nitrophenyl sulfate assay for arylsulfatase activity. The transformants exhibited only low levels of activity in both copper-supplemented and copper-deficient medium ( Figure 7B and Table 1 ; average of 0.07 and 0.04 nmol of p-nitrophenol produced per minute per 10 6 cells, respectively), and the range of arylsulfatase activity was not significantly different from the range of activity observed in transformants containing pJDIOO (0.005 to 0.017 versus 0.01 to 0.08 nmol of p-nitrophenol produced per minute per 10 6 cells for pCU7 versus pJDIOO) or transformants containing pCU2 in copper-supplemented medium (0.01 to 0.1 nmol of p-nitrophenol produced per minute per 10 6 cells, Table 1 ).
Thus, our data do not support the existence of additional CuREs upstream of position -127.
(B) RNA gel blot analysis of total RNA isolated from coppersupplemented (+) or copper-deficient (-) cultures of representative strains containing constructs 8 to 11. The Ars transcripts were detected using a radiolabeled 1.1-kb Bam HI fragment of the Ars1 cDNA as the probe (indicated at left). Ten micrograms of total RNA was loaded per lane, and the hybridization signals were visualized after 4 to 6 days of exposure.
(C) Measurement of arylsulfatase activity with p-nitrophenyl sulfate as substrate in copper-supplemented (+) or copper-deficient (-) cultures of various transformants. The number of independent transformants analyzed for each construct is indicated in parentheses: pCU3 (four), pCU4 (seven), pCUS (seven), pCU8 (eight), and pCU6 (four). Symbols are as given in the legend to Polyadenylated RNA from a copper-deficient culture of a representative strain, containing pCU4, was annealed to a synthetic oligonucleotide primer (18-mer) and processed as described in Methods. The same oligonucleotide was used to prime the dideoxy chain terminating reactions (G, A, T, and C) in which construct pCU4 was used as the template. The arrow at right indicates the position of the longest primer extension product.
A final control construct was prepared to verify that sequences derived from non-copper-responsive promoters (e.g., the promoter from the PetE gene; Merchant et al., 1991) remained non-copper-responsive in the context of the minimal promoter from the (5-tubulin gene. The test construct pPC-ARS (construct 13, Figure 7A ), containing ~2 kb of 5' sequences, was introduced into Chlamydomonas, and the transformants were analyzed for arylsulfatase production in coppersupplemented and copper-deficient media ( Figure 7B and Table 1). As expected, the level of arylsulfatase activity was similar in both copper-supplemented and copper-deficient cells (averaging 0.33 and 0.28 nmol of p-nitrophenol produced per minute per 10 6 cells, respectively), and in both cases, it was approximately six-to 10-fold higher in strains containing pPC-ARS relative to strains containing pJD100, which lacks the 5' flanking sequences from the PetE gene ( Figure 7B , Table 1 ). We attributed the increased expression to the presence of quantitative expression elements in the flanking 5' region of the PetE gene.
Metal Specificity and Kinetics of CuRE-Dependent, Copper-Responsive Transcription
The copper-responsive expression of the endogenous Cyc6 gene exhibits certain characteristic features with respect to its selectivity for the metal ion signal, the time course of the response when the signal is provided, and its sensitivity to low concentrations of copper ions in the medium. Specifically, we noted in previous work that the response was highly selective for copper ions versus silver ions, which were ineffective, or mercury ions, which were required at a 20-fold higher concentration for the same level of response Howe et al., 1992) . When copper is provided at a concentration sufficient to prevent Cyc6 transcription, preexisting Cyc6 mature transcripts decay with a half-life (t v ,) of 45 to 60 min and are undetectable 4 hr following the addition of copper. An incompletely spliced Cyc6 mRNA precursor disappears even more rapidly, with a t Vl of ~10 min, and is undetectable within 1 hr of the addition of copper .
To test whether the CuREs identified previously were sufficient either singly or in combination to reproduce these attributes in the chimeric constructs, the metal specificity of the response of constructs pCU4, pCU5, and pCU6 ( Figure  5A ) was tested. Representative transformants containing these constructs were grown in copper-deficient liquid medium and supplemented with 10 uM CuSO 4 , AgNO 3 , or HgCI 2 for 4 hr before isolation of RNA. Total RNA was analyzed for the • n • 6
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(A) Construct 12 is the -852 to -124 fragment of the Cyc6 promoter cloned into the Kpnl site of pJD100 (designated pCU7). Construct 13 is the PetE promoter from -1945 to +35 cloned into the Kpnl site of DJD100 (pPC-ARS).
(B) Arylsulfatase activity (with p-nitrophenyl sulfate as substrate) of various transformants grown under copper-supplemented (+) or copperdeficient (-) conditions. Seven independent transformants were analyzed for pCU7, and two were analyzed for pPC-ARS. Symbols are as given in the legend to The effect of different metal ions on Ars transcript accumulation in pCU transformants was analyzed. Total RNA was isolated from copperdeficient cultures (-Cu) of representative strains containing constructs pCU4, pCUS, and pCU6 (at densities of 4.6, 6.8, and 6.9 x 10 6 cells per mL, respectively) or from cultures supplemented with 10 nM CuSO 4 (+Cu), AgNO 3 (+Ag), or HgCI 2 (+Hg) for 4 hr. At these cell densities, 300 nM copper is sufficient to completely repress Cyc6 expression . Thus, 10 uM mercury represents añ 30-fold excess with respect to the concentration of copper necessary for saturation of the response. RNA was analyzed by gel blot hybridization. Four micrograms of total RNA was loaded per lane, and hybridization signals were visualized after 8 days of exposure. (A) The Ars transcripts were detected using a 1.1-kb BamHI fragment of Ars1 cDNA as a probe (indicated at left). (B) The Cyc6 transcripts were detected using the 0.71-kb fragment corresponding to the Cyc6 cDNA (indicated at left). (C) The RbcS transcripts were detected using the 0.7-kb fragment corresponding to the RbcS (SSU) cDNA (indicated at left).
abundance of Cyc6, Ars, and small subunit of ribulose bisphosphate carboxylase/oxygenase (RbcS) mRNAs by gel blot hybridization ( Figure 8 ). As previously observed, endogenous Cyc6 mRNA levels were undetectable within 4 hr of supplementation with copper and were reduced in mercury-supplemented cells but not specifically affected in silver-supplemented cells . The same pattern was observed for transcripts derived from each of the three introduced Cyc6-3-tub-Ars2 constructs, pCU5 containing one CuRE, pCU6 containing another CuRE, or pCU4 containing at least two distinct CuREs (compare Figures 8A and 8B ). Because the metal ion selectivity of the response is a feature of the sensory component, we suggest that CuREs in both regions and in the endogenous Cyc6 gene are responsive to the same sensor.
To analyze the time course of the response of the transgenes to copper, RNA was prepared at 1, 2, and 4 hr following the addition of copper (10 u,M CuSO 4 ) to copper-deficient cultures of representative transformants containing pCU4, pCU5, and pCU6. The RNA was analyzed to compare levels of Ars and Cyc6 transcripts (Figures 9A and 9B ). For each of the reporter gene constructs (including either the -127 to -109, -110 to -56, or both fragments), the loss of Ars mRNA over time was similar. The mRNAs were lost rapidly and reached basal levels within ~1 hr. This response is quite different to that of the mature Cyc6 message, which persisted for ~4 hr ( Figure 9B ). The estimated f,/ 2 for the Ars transcripts in the three strains appears to be ~15 min, compared with an average f. /2 of ~45 min for the Cyc6 transcripts in the same strains (which is the same as that reported previously for wild-type cells; Hill et al., 1991) . This difference is not surprising because the decay of the mRNA upon deactivation of transcription is most likely a property of the transcript rather than of the CuREs. Nevertheless, the time course of Ars mRNA decay (f,/ 2 of ~15 min) puts an upper limit on the time course of transcriptional deactivation of these constructs in response to copper. Interestingly, this is in the same range as the time course for the loss of unstable Cyc6 precursor transcripts (f,/ 2 of MO min) in coppersupplemented cells. We concluded that deactivation of the reporter gene must occur as rapidly as deactivation of the endogenous Cyc6 gene.
DISCUSSION
Expression of CuRE-Containing Constructs
CuREs associated with the Cyc6 gene were localized to two fragments, which lie between nucleotides -127 and -56 relative to the transcription start site. The upstream region, up to -852 nucleotides, does not appear to contain additional elements (Figure 7) , and neither does the coding or 3' untranslated region (Figure 2 ). The expression of the py-CYT and the pPC-CYT translational fusions in copper-supplemented medium further indicates, as suggested in previous work, that copperresponsive expression is mediated entirely at the transcriptional level. Specifically, cyt c 6 and its mRNA accumulated when transcriptional control by copper was bypassed ( Figures  2C and 2D) . These ATG fusion constructs may provide an excellent experimental system for the future mutational analysis of aspects of cyt c 6 structure, function, and biosynthesis. Each of the two CuRE-containing fragments appears to function by activating transcription from its c/s-associated promoter, in this Representative strains containing constructs 9 to 11 were grown under copper-deficient conditions. Copper ions (10 pM) were added to each culture at ~5 x 106 cells per mL, and total RNA was isolated 1,2, or 4 hr later. RNA was analyzed by gel blot hybridization as given in Figure 8 . The hybridization signals were quantitated using a Molec- case the pp-tubulin promoter in pJD100. pJD100 is a useful construct for assessing the mechanism of cis-regulatory elements. In fact, 5' upstream sequences from the plastocyaninencoding gene (which is not transcriptionally regulated by copper) activated expression of pJDlOO in both coppersupplemented and copper-deficient cells (Figure 7) , as was expected.
The high variation in the level of arylsulfatase activity in copper-deficient cells of individual transformants containing the same construct (see Figures 4C and 5C ) was paralleled by similar differences in mRNA levels for the transgenes. In other words, strains expressing the highest level of Ars mRNA also exhibited the highest arylsulfatase activity (data not shown), suggesting that the factor limiting arylsulfatase accumulation is the abundance of Ars template transcripts. The differences in Ars expression between individual transformants did not correlate with the copy number of the transgene (data not shown). The lackof correlation between the copy number of the introduced gene and the level of expression of that gene has been noted previously for the nitrate reductase-encoding gene (Nitl) and the PetE gene (Kindle et al., 1989; Quinn et al., 1993) . It is rather more likely that quantitative aspects of expression are dependent on the position of insertion of the test construct in the Chlamydomonas genome, which for these experiments is likely to be somewhat random. Quantitative differences in Ars expression between individual transformants are therefore attributed to positional effects. To control for this effect, severa1 independent transformants were analyzed for each test construct. In all cases, strains containing constructs with either one or both CURE-containing fragments always showed greater arylsulfatase activity and accumulated more Ars mRNA in copper-deficient conditions relative to copper-supplemented conditions (minimum threefold difference, Figures 4C and 5C and Table l), whereas strains containing constructs lacking CURES (e.g., pJD100) always exhibited low and approximately equivalent levels of activity in both copper-deficient and copper-supplemented conditions (-0.04 to 0.06 nmol of p-nitrophenol per minute per 106 cells; Table 1 ).
Comparison of the Two CURE-Containing Regions
Each of the two CURE-containing regions appeared to have the same ability to activate transcription in copper-deficient cells. Constructs containing either one or both regions activated pp-tubulin promoter-driven Ars expression in copperdeficient cells (Table 1 and Figure 5C ). Furthermore, in each case the metal specificity of the response was identical to that observed for the endogenous Cyc6 gene (Figure 8 ), which supports the model that the two regions contain the target cis elements of this copper-responsive pathway. One of the CUREcontaining fragments (-127 to -109) was tested in both orientations and found in either one to confer differential copper-responsive expression on the reporter gene ( Figure  5C and Table 1 ). Although the magnitude of activation is variable between individual transformants (see previous discussion), for a given transformant, Ars expression was always greater in copper-deficient cells compared with coppersupplemented cells. Two hexanucleotide sequences common to both regions are boxed and underlined.
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Orientation-independent function is quite common for cisregulatory elements, although the copper-responsive upstream activation site associated with the metallothionein gene in yeast may not be orientation independent (Guarente and Hoar, 1985; Thiele and Hamer, 1986; Hata et al., 1989; Rousseau et al., 1989; Richardson and Pessin, 1993; ltzhaki et al., 1994; Laursen et al., 1994) . Because the two CURE-containing regions appeared functionally redundant, their sequences were compared to further localize CuREs (Figure 10 ). Two hexameric sequences were found in both regions. Either one or both may conceivably represent a copper-responsive element or the core of a copper-responsive element. A detailed mutagenesis study and footprinting analysis are necessary for further elucidation and definition of the Cyc6-associated CuRE(s). A question left unanswered is why two CuREs are necessary when one appears to function as well as two.
Time Course of the Response
The kinetics of decay of transgene-driven Ars transcripts when cells were supplemented with copper was similar for all strains tested and occurred rapidly, reaching basal (copper-supplemented) levels within an hour ( Figure 9A) , with an estimated tl/, of -15 min. The rapid decay rate of transgene-driven Ars transcripts reflects the rapidity of transcriptional deactivation by copper, which must occur in a similar time frame. Interestingly, this matches nicely with the rate of disappearance of a pool of unspliced Cyc6 mRNA precursor (flI2 of -10 min; Hill et al., 1991) . Because the precursor mRNA pool size is small and rapidly turned over, its disappearance in coppersupplemented cells is an indicator of the deactivation of transcription of the Cyc6 gene.
Metalloregulation
The CuREcontaining fragments do not contain sequences that resemble the yeast consensus ACEl recognition sequence: TCY(4-61GCTG (Thiele, 1992) . Thus, the copper-responsive trans-acting factor in this system is likely to display not only unique metal selectivity but also a unique DNA binding specificity relative to ACEl, which is involved in the copperdependent activation of metallothionein transcription as one of its primary functions. We can only speculate on the mechanism by which the Chlamydomonas frans-acting factor responds to copper. One possible model is that the trans-acting factor is present only in copper-deficient cells due to differentia1 synthesis or stability. A similar model was described for AMT1, a copper-dependent activator of metallothionein expression in Candida glabrata. AMT1 synthesis is very rapidly auto-activated by copper, resulting in increased metallothionein synthesis (Zhou and Thiele, 1993) . However, unless the putative Chlamydomonas CuRE binding protein is extremely unstable in copper-supplemented cells, the rapidity of deactivation of Cyc6 expression when supplemented with copper (tl12 of -10 min) argues against such a model. Nevertheless, it does not disprove it. A second contrasting model is that the CuRE binding frans-activator protein is constitutively present but differentially modified in copper-deficient versus coppersupplemented cells so that, in copper-deficient cells, it exists in a conformation where DNA binding andhr transcriptional activation is favored. The modification could be direct binding of copper, as precedented by the copper-induced conformational change in the ACEl transcriptional activator (Furst et al., 1988; Dameron et al., 1993) , or some other modification catalyzed by a copper-dependent modifying enzyme, as precedented in the iron-responsive regulatory pathway in which the iron-responsive element binding protein alternates between an RNA binding apoform and an FeS center-containing form . Identification of the CURE-binding protein will be a first step toward distinguishing between these models.
The regulation of Cyc6 expression by copper ions represents a nove1 metalloregulatory system for investigation, particularly because it is one of the few that focuses on adaptation to metal deficiency as opposed to metal stress. Transcriptional activation of cyt cg synthesis appears to involve a metalloregulator highly sensitive to and selective for copper ions; this is consistent with its purpose, which is compensation for reduced levels of copper-requiring plastocyanin under copper-deficient conditions. Other copper-responsive processes discovered in our laboratory, including copper uptake and coprogen oxidase expression, share some of the same features (Hill and Merchant, 1995) and may well be mediated by the same copperresponsive pathway. With the localization of the CuREs to two relatively small regions in the Cyc6 promoter, we are poised to begin studies designed to identify the CuRE binding protein and CuREs in coordinately expressed genes.
METHODS
Cell Culture
Chlamydomonas reinhardtii CC425 (mt+ cw15 arg2), an arginine auxotroph, was cultur.ed under constant illumination (125 pmol m-2 sec-') in copper-containing (6 pM) or "copper-free" TAP (Tris-acetatephosphate) medium (Merchant and Bogorad, 1986b; Harris, 1989) supplemented with 200 wg/mL arginine. Arg+ transformants were grown under identical conditions, except no arginine was included in the medium. Culture densities were determined by counting immobilized cells in a hemocytometer (Harris, 1989) . For the preparation of "copperfree" TAP plates, 20 g of TC agar (JRH Biosciences, Lenexa, KS) was washed four times by gentle stirring at 4OC in 2 L of 50 mM EDTA per wash, followed by four washes with 2 L milliQ-purified water (Millipore Corp., Bedford, MA) per wash. Each wash cycle was -12 hr long. The agar was allowed to settle behveen exchanges of wash solutions.
Chimeric Constructs
A genomic DNA fragment of the cytochrome Cg (cyt c6) encoding gene Cyc6 from -852 to -7 nucleotides upstream of the transcription start site in the plasmid pBluescript II KS-(Stratagene) was designated pCU0 (Figure l) , and various 5' nested deletions of pCU0 were prepared by the exonuclease 111 digestion method (Henikoff, 1987) . Kpnl digestion products of some of the B'deletions were each cloned either into the unique Sal1 restriction site 5' of the promoterless arylsulfatase (Ars2) construct pJD54 (Davies et al., 1992;  Figure  1 ) or into the unique Kpnl site of the minimal P-tubulin promoter-Ars2 construct pJDl00 (designated ptubB2A3,2,l/ars; Davies and Grossman, 1994; Figures 4A and 5A) . ATG fusion constructs pPC-CYT and py-CYT were made by using site-directed mutagenesis (Oligonucleotidedirected in vitro mutagenesis system; Amersham) to introduce an Ndel restriction site at the ATG initiation codon of each cloned genomic sequence. The plasmids were subsequently digested and appropriately ligated at the Ndel site to create a precise fusion of the plastocyanin promoter or the promoter of the AtpC gene (the gene encoding the y-subunit of the chloroplast ATPase, yCF1; Smart and Selman, 1993) to the Cyc6 coding and 3' untranslated regions, +80 to + -4200 bp (pPC-CYT and py-CYT, respectively). Plasmid pPCARS ( Figure 7A ) was generated by blunt-end cloning of the PetE promoter (-1945 to +35) into the unique Kpnl site of pJD100. The sequence of the junction region in each construct was verified directly (Sequenase kit; U.S. Biochemical Corp.). Plasmids employed in transformation experiments were isolated by a Brij lysis procedure and purified by two sequential CsCl gradients or Qiagen Maxi-Prep columns, used according to the manufacturer's instructions (QIAGEN Inc., Chatsworth, CA). pCU0 and the cloned -127 to -7 fragment are available through the Ch/amydomonas Genetics Center (Duke University, Durham, NC). They are called pBSllKS-,-852 to -7Cyc6, and pBSllKS-,-127 to -7Cyc6, respectively.
Transformation
Test constructs were introduced into strain CC425 by cotransformation with the argininosuccinyl lyasegene (Debuchy et al., 1989; Kindle, 1990) . CC425 cells (5 to 8 x 106 cellslml) were collected by centrifugation (1200 rpm in an IEC, Needham, MA, clinical centrifuge at room temperature for 5 min), washed twice in one-fifth volume of selective medium (TAP minus arginine), and resuspended in TAP medium at a concentration of 1.6 x 10B cells per mL. Acid-washed, baked glass beads (0.3 g, 0.1 to 0.12 mm; Thomas Scientific, Swedesboro, NJ) were added to 0.3 mL of cell suspsnsion with 2 to 4 pg of the plasmid pArgZ8 (Debuchy et al., 1989 ) and 2 to 4 pg of the chimeric test construct.
The mixture was vortexed for 15 sec on a Fisher Vortex Genie 2 (Fisher Scientific, Tustin, CA) set at maximum speed. The glass beads were allowed to settle, and the supernatant from each tube was plated on solid TAP medium. Arg+ transformants appeared after 5 to 7 days and were transferred to fresh plates. Subsequently, transformants were transferred in duplicate to TAP and copper-free TAP plates. After two to three additional rounds of transfer to ensure that the cells were indeed copper deficient, transformants were screened for arylsulfatase (Ars)-expressing cotransformants by treatment with 5-bromo-4-chlore 3-indolyl sulfate (XSO.,; Sigma) as described in the following discussion. Strains producing arylsulfatase activity were streaked for isolation of single colonies prior to further analysis. The presence of the Cyc6-ArsZ construct in each strain was ascertained by DNA gel blot analysis. Each strain was indeed found tocontain one or more copies of the appropriate Cyc6-Ars2 construct.
Arg+ transformants of cells cotransformed with pPC-CYT or w-CYT constructs were screened for cotransformation by amplification of construct-specific fragments. A primer complementary to the Cyc6 coding sequence (5'-ACTCCATCCATATGCTTCAG-3') was used either with a primer complementary to the PetE promoter sequence (5'-GGCGCT-CTATAGATACGCAGA-3: for screening putative pPC-CYT cotransformants) or with a primer complementary to the vector sequence immediately 5' to the AtpC promoter of the py-CYT construct (5'-CAGGAAACAGCTATGAC-3').
Protein Assays
Arylsulfatase activity was detected qualitatively by screening colonies of individual transformants on solid medium for their ability to hydrolyze the chromogenic substrate XS04, as described by Davies et al. (1992) , or quantitatively on cells in liquid culturefor their ability to hydre lyze p-nitrophenyl sulfate as described by de Hostos et al. (1988) . The former is referred to in the text as the XS04 colony assay and the latter as the p-nitrophenyl sulfate enzyme assay.
Cells cotransformed with either the pPC-CYT or py-CYT construct were tested for accumulation of cyt c6 by analyzing electrophoretically separated extracts of soluble protein for heme-dependent peroxidase activity (Howe et al., 1992) . lsolation and Analysis of Nucleic Acids Total DNA from Chlamydomonas (Kindle et al., 1989) was analyzed by DNA gel blot hybridization (Church and Gilbert, 1984) . Total RNA was analyzed by gel blot hybridization in 6 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, 1 mM EDTA, pH 7.4), 5 x Denhardt's solution (1 x Denhardt's solution is 0.02% Ficoll, 0.02% PVP: 0.02% BSA), 0.5% SDS, and 100 kg/mL denatured, sheared herring sperm DNA at 65OC. The nylon membranes (GeneScreen, Du Pont-New England Nuclear) were washed twice in 1 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate), 0.1% SDS at 65OC, followed by four washes at the same temperature in 0.2 x SSC, 0.1% SDS (Sambrook et al., 1989) . For the Ars message, a 4.5-kb SaclAsp718l fragment or a 1.1-kb BamHl fragment derived from the full-length Arsl cDNA clone in pUC19 (pJD27; de Hostos et al., 1989) was used as the probe; for Cyc6, a 710-bp cDNA insert from plasmid pTZ18Cr552-7A (Merchant and Bogorad, 1987) was used as a probe; and for the small subunit of ribulose bisphosphate carboxylasehxygenase (AbcS), an -700-bp cDNA insert from plasmid pM1 (Goldschmidt-Clermont and Rahire, 1986 ) was used as a probe.
Their specific activities ranged from 1.5 to 3 x 1 8 cpm/pg of DNA.
Hybridization signals were quantitated using a Molecular Dynamics Phosphorlmager (Sunnyvale, CA). The hybridization signals were visualized after exposure to Kodak XAR-5 (Eastman Kodak, Rochester, NY) or NEN Reflection (Du Pont-New England Nuclear) x-ray film at -80% with two intensifying screens.
Primer extension analysis was performed as previously described (Quinn et al., 1993) . Polyadenylated RNA (400 ng) was used as the template and primed with an oligonucleotide (5'-GAGGGCACCCAT-CTTGAT-39 complementary to the sequence from -6 to +12 relative to the Ars2 translation start site. Polyadenylated RNAwas isolated from total RNA by chromatography on poly(U)-Sepharose 46 (Pharmacia LKB Biotechnology Inc.) according to the manufacturer's instructions.
